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We raise the question whether there is a way to characterize the quantum information transport 
properties of a medium or material. For this analysis we find that the special features of quantum 
information has to be taken into account; quantum communication over an isotropic medium, as 
opposed to classical information transfer, requires the sender to direct the signal towards the receiver. 
As a consequence, the medium's capacity for quantum communication can be characterized in terms 
of how the size of the transmitter and receiver have to scale with the transmission distance to 
maintain quantum information transmission. To demonstrate the applicability of this concept, an 
n-dimensional spin lattice is considered, yielding a sufficient scaling of 8 n ^ with the distance 5. 
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Introduction.- The propagation of disturbances in ma- 
terials, e.g., electric pulses in a piece of metal, sound in a 
solid, or spin-waves in a spin lattice, can be regarded as 
a transmission of information. Evidently, the 'quality' of 
this information transmission is determined by the trans- 
port properties of the medium. This Letter considers 
transport properties from an information-theoretic per- 
spective, or perhaps more accurately, the capacity for 
information transfer is regarded as a material property. 
To get an intuitive picture of what we aim for one can 
think of classical radio transmission over free space, i.e., 
imagine a propagation medium that is translation sym- 
metric and isotropic (in a wide sense) and that we are in 
control only of limited transmitter and receiver regions. 
While radio transmission is typically modeled as classical 
information transfer over a classical medium, we consider 
quantum information transfer over quantum mechanical 
media. In this Letter we argue that quantum communi- 
cation in an isotropic medium, as opposed to classical in- 
formation transfer, requires the transmitter to direct the 
signal towards the receiver. The degree to which such 
a directed quantum communication can be achieved is 
a property of the medium. We suggest to characterize 
this quantum information transport property by how the 
size of the transmitter and receiver regions have to scale 
with increasing transmission distance in order to obtain 
quantum communication. As an illustration we use an 
n-dimensional spin lattice, where an upper bound to the 
scaling can be determined. 

In the specific setting of higher-dimensional spin lat- 
tices, this investigation can be regarded as a generaliza- 
tion of the idea to use permanently coupled ID spin 
chains for information transmission pQ. For ID spin 
chains it is known that perfect state transfer can be ob- 
tained by tuning the interactions locally along the chain 
[2]. One could imagine this to be possible also in higher 
dimensions [3 . However, as we consider the 'free space' 
of a translation symmetric lattice, this excludes such lo- 
cal tunings. 

We note that this study is related to the Lieb-Robinson 
(LR) bound {4\. The LR bound can be rephrased as an 



upper bound on the speed of information propagation, 
which is determined by the Hamiltonian of the medium. 
Reasonably, the LR bound should limit how efficiently 
quantum information can be transmitted in a medium. 

Quantum information transport is possible when the 
medium admits a non-zero quantum channel capacity. 
The latter measures how many qubits that can be sent 
reliably, averaged over many independent repetitions of 
a channel, assuming optimal encodings and decodings. 
(We consider the unassisted capacity, where, e.g., no ad- 
ditional classical channels are assumed.) To apply this 
concept we need to specify a channel, i.e., a well defined 
physical mapping from an input system to an output sys- 
tem. A channel can be set up by 'injecting' information 
from an input system A into the transmitter region of the 
medium. (For a concrete example in the special case of 
a spin lattice, see Fig. [I]) If the input system A initially 
is uncorrelated with the medium, then the injection and 
the evolution of the medium result in a quantum channel 
from the input A to a receiver region R. One could imag- 
ine a qualitative characterization of the medium simply 
by asking whether the resulting channel capacity is non- 
zero or not. However, the answer will depend on the sizes 
and distance between the transmitter and receiver. To 
avoid this, we rather ask how the transmitter and receiver 
regions have to scale with the transmission distance to 
obtain a non-zero capacity. (To use scaling as a method 
to get rid of unimportant details is a common approach. 
One example is the area law scaling of entanglement en- 
tropy, see e.g. [5].) The transmission still depends on 
other aspects of the information injection (and the ex- 
traction at the receiver) but the optimal scaling achiev- 
able (possibly under some constraints, e.g., a bound on 
the energy) can be taken as a characterization of the 
medium. Needless to say, the optimal scaling would in 
general be very challenging to determine. More realis- 
tically, we can find upper bounds (sufficient scaling) to 
the theoretically optimal scaling. (This is analogous to 
the classical setting where one in general has to settle 
for lower bounds on the channel capacity over a given 
medium.) With the purpose to obtain such scalings, we 
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first elucidate some necessary and sufficient conditions 
for a non-zero channel capacity in various settings. We 
begin with a simple argument, which shows that if there 
is too much symmetry in the system, then the quantum 
channel capacity is zero. 

Need for symmetry breaking.- Classical signals can be 
copied and transmitted in all directions, e.g., in radio 
broadcasting, where the copying is done by ramping up 
the amplitude in the transmitter antenna. Since quan- 
tum information cannot be cloned [5] or broadcast [7] 
one might suspect that there is no quantum analogue of 
this. We can make this intuition more precise in terms 
of a symmetry argument. For this purpose we assume 
the medium to have some type of symmetry, and fur- 
thermore assume that the state of the medium after the 
injection is invariant under this symmetry, for all states 
of the input system A. (Since we typically imagine a 
localized transmitter, the symmetries would be, e.g., ro- 
tations or reflections around this region.) The symmetry 
generates copies of the receiver region R. If such a copy 
R' does not overlap with R, then they correspond to two 
distinct subsystems of the medium. By the assumed sym- 
metries, R and R' will obtain the same state no matter 
the input A. Intuitively, the no-cloning theorem thus im- 
plies that there is no quantum information transmission 
from A to R. More formally, since the state of R can 
be reconstructed from R' , this implies that the channel 
from A to R is anti-degradable [8 , which gives a zero 
quantum channel capacity H] . We can thus conclude 
that the symmetry makes quantum communication im- 
possible. Hence, within the limits of our local control we 
should try to break the symmetry, and in this sense di- 
rect the signal to the receiver. This is in contrast to the 
classical case, where a similar symmetry condition may 
lower the efficiency, but would not prevent information 
transmission per se. 

Need for focusing - Next we consider an example which 
shows that mere symmetry breaking is in general not 
enough to obtain a non-zero channel capacity; the quan- 
tum signal needs to be directed in a stronger sense. Con- 
sider a medium where information is transmitted via sin- 
gle excitations or particles. (We do not specify whether 
the medium is discrete or a continuum.) In this setting 
one can determine a simple necessary and sufficient con- 
dition for a non-zero quantum channel capacity. We as- 
sume that the medium preserves the total number of par- 
ticles, i.e., its Hamiltonian commutes with the total num- 
ber operator. We furthermore assume that the medium 
has a vacuum state \v) that can be written as a product 
state \v) = |0fl)|05j.) of local zero-excitation states 
and \Q C R ) in the receiver R and its complement R c , respec- 
tively. Moreover, the single-excitation sector is spanned 
by states of the form \xr)\0r) and \0r)\x c r), where \xr) 
and \x R ) are single excitation states on R and i? c , respec- 
tively [10 . The input A is a single qubit, the medium 
starts in the vacuum state, and the injection can be de- 
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FIG. 1: To obtain a channel from a transmitter to a receiver 
over a spin lattice, we may use a separate spin A as an input 
system. To 'inject' this information into the lattice, we swap 
the input spin A with a selected spin in the lattice. A local 
potential barrier acts as a transmitter antenna that directs 
the excitation towards the receiver, where the wave packet 
reaches another antenna that collects the excitation into the 
receiver area. By considering the state in the receiver region 
R at a given time we obtain a channel from the input spin A 
to the receiver R. 

scribed by a unitary operator Uj. HA is in state |0) then 
the injection does nothing, i.e., Ui\Q)\v) = |0)|^), while 
it puts a single excitation state, \t]t)i in the transmitter 
region if A is in |1), i.e., Ui\l)\v) — |0) (777-). The dynam- 
ics of the lattice evolves \ryr) into a new single-excitation 
state \ip p ) = ^/p\xr)\0 c r ) + V 1 = P\0r) \Xr), where p is 
the probability to find the excitation in the receiver re- 
gion. If the state of the input qubit A is p, then the state 
of the receiver region R can be written as 

%( P ) =<o|p|o>io A ><o A | +p(iMi>lx*><x*l 

+ Vp(i\ p \o)\xr)(Or\ + Vp(W)\0r)(xr\ 

+ (l-p)(l|p|l)|0 fl )(0 fl |. 

Effectively, $ p is a qubit amplitude damping channel, 
and for these it is known that the channel capacity is 
non-zero if and only if p > 1/2 llj. If combined with 
the previous symmetry argument, we see that it is not 
enough to break the symmetry in order to get a non- 
zero capacity, but that the receiver furthermore has to 
collect most of the amplitude of the particle [H] ■ (We will 
later compare this with a multi-excitation transmission 
model.) 

This threshold effect implies that for a given distance 
there is a minimum size of the transmitter and receiver 
below which the quantum channel capacity is strictly 
zero. In the quantum case we thus obtain a nontrivial 
characterization of the medium in terms of the rate at 
which this minimal size grows with the distance. In the 
classical setting one would rather expect a decaying but 
non-vanishing capacity, in which case the scaling would 
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be trivial, as fixed size antennas would yield a non-zero 
(albeit small) capacity for any distance. 

Possibility of directed quantum communication.- To il- 
lustrate the possibility of directed quantum communi- 
cation, we take a square lattice L of uniformly coupled 
spin-half particles that interact according to the Heisen- 
berg XY-model 

H = -\ E + ° y A) + E + l i) > w 

where crj denote Pauli-matrices, and (J, k) nearest neigh- 
bor pairings. In the ID case (allowing for varying cou- 
pling constants) this is a common model for information 
transfer in spin chains (see e.g. 0). Since [H,J2j G f\ = 
0, the total number of excitations is conserved, and the 
ground state is a product state |0) • • • |0) where denotes 
spin down. The simple dynamics of this model facilitates 
numerical calculation of the pick-up probability (and thus 
the channel capacity). Due to computational limitations 
we only consider the 2D case. 

In Ref. [13] it was observed that a single excitation 
can propagate along diagonals of the 2D square lattice 
XY-model in a remarkably confined manner (see Fig. 7 
in Ref. [H]). However, the wave packet disperses more 
rapidly in other directions. In other words, the pick-up 
probability in the receiver region and hence the channel 
capacity depends on the direction of propagation, similar 
to other transport properties. In the present calculations 
we consider propagation along the favored diagonals. 

One can imagine several different methods to direct the 
excitations towards the receiver. One way is to construct 
local potential barriers, as depicted in Fig. [T] These po- 
tentials are obtained by adding terms of the form Wja* 
to Eq. ([I]), where Wj are real numbers. We use this sim- 
ple type of antennas for the calculation of the dashed line 
m Fig. |] (a), which gives the pick-up probability p as a 
function of the time t between the swap-in from A and 
the time when we record the state in R. As Fig. [2] (a) 
shows, p reaches above the critical value 1/2 for this spe- 
cific arrangement. Another method to obtain the nec- 
essary directionality is to put a suitably shaped wave 
packet directly on the lattice. The solid line in Fig. [2] (a) 
gives one example of this for a modulated Gaussian wave 
packet cropped to a small transmitter region. Numerical 
tests suggest that this method is superior compared to 
the above antenna construction, in terms of the needed 
size of the transmitter region for communication over a 
given distance. 

Sufficient scaling - Using the above model, with trans- 
mission along the diagonals of the lattice, we here turn 
to the question of how fast the transmitter and receiver 
have to grow with the transmission distance to obtain 
a non-zero channel capacity. A crucial issue is how fast 
a given single-particle wave-packet spreads as it propa- 
gates, and thus minimally dispersive wave-packets should 
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FIG. 2: (a) Pick up probability: The probability p to find the 
excitation in the receiver area is plotted as a function of the 
evolution time t in units of t pr op. The latter is the propagation 
time (different for the two graphs) that gives the maximal p. 
The dashed line corresponds to the setting schematically de- 
picted in Fig. [TJ with a 256 x 256 lattice with lossy edges, and 
a 20 x 20 receiver area. The distance between the inner cor- 
ners of the antennas is 110 sites. The solid line corresponds to 
a 2048 x 2048 lattice, with 21 x 21 transmitter and receiver re- 
gions. The distance between the centers of these two squares 
is 1969 sites. In this case we have no antennas, but use as ini- 
tial state a suitably modulated gaussian wave packet, cropped 
to the transmitter region. As seen, both cases reach above the 
critical value 1/2. 

(b) Scaling: With a transmitter and receiver at distance of 5 
sites in the lattice, we let the initial wave package be a Gaus- 
sian, modulated to travel at the maximal group velocity, and 
cropped to a square transmitter region with a side length that 
scales as S 1 ^ 3 . For this transmission system we determine the 
side length w of a square-shaped receiver region needed to ob- 
tain a given pick-up probability p, as a function of 5. We plot 
log 2 w against log 2 5, and repeat this for the pick-up proba- 
bilities p — 0.9,0.8,0.7,0.6,0.5. The lines in the background 
are set to the slope 1/3. 



be useful. For the ID XY-model it was found [IT that a 
good choice of such wave-packets yields a pick-up proba- 
bility close to 1, for transmitter and receiver regions that 
grow like J 1 / 3 , where S is the number of spins in the spin 
chain [15) . This suggests an analogous approach for the 
XY-model on an n-dimensional square lattice, since the 
evolution is decoupled along the n different dimension, 
which would yield a volume scaling of S n ^ 3 of the trans- 
mitter and receiver regions. This reasoning is confirmed 
in Fig. [2] (b) by a numerical calculation of the scaling 
in the 2D case. Since we have used a specific transmis- 
sion system, this is an upper bound to the theoretically 
optimal scaling. However, restricted to the set of single- 
excitations, it appears reasonable to expect this result to 
be near optimal. 

Multi-particle transmission - One may certainly won- 
der to what extent the single-particle case gives a rep- 
resentative picture of a typical medium, where a distur- 
bance could involve many particles. To get a hint of the 
effects of multi-particle signals we generalize the single- 
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particle transmission setup such that \rjr) is a iV-particle 
state, rather than a single-particle state. Thus, after 
the evolution, the new iV-particle state can be written 

H) = Vp\ r)\Xr} + Vv\Xv)\0r) + ^A ^ |X} ) where \ X %) 
is an TV-particle state in the receiver region, \xrc) an N- 
particle state in the complement, and |%) is an A^-particle 
state with more than zero particles in both the receiver 
and the complement. Here, p is the probability that we 
find all the particles in the receiver, q the probability 
that we find none in the receiver, and r = 1 — p — q is 
the probability that we find some particles in both the 
receiver and its complement. The channel from the input 
qubit A to the receiver R can be written 

^(p)={0\p\0)\0 R ){0 R \+ P {l\p\l)\x^{x^\ 

+ Vp-{Mp\o)\x%)(Or\ + Vp-(o\p\i)\o r )( Xr j \ 

+ <?<l|p|l)|0 H )<0 Jl |+r<l|p|l><7, 

where a is a density operator with support on the orthog- 
onal complement to the space spanned by \0 R ) and \Xr)- 
With similar techniques as for the amplitude damping 
channel (i.e., degradability [TB] and anti-degradability 
[5]) one can prove that this channel has a non-zero chan- 
nel capacity if and only if p > q. Hence, the channel 
capacity is non-zero if and only if the probability to pick 
up all the particles is strictly larger than the probability 
to pick up none. Like for the single-particle transmission 
we thus obtain a threshold effect for the channel capacity, 
which enables a characterization of the medium in terms 
of a scaling. In general quantum media, the existence 
and characterization of this type of threshold effects is 
an open question. 

Conclusions.- We have found that quantum communi- 
cation requires us to direct signals. We characterize the 
ability of media to sustain directed quantum communica- 
tion in terms of the scaling of the transmitter and receiver 
needed to maintain a non-zero quantum channel capac- 
ity. For single-particle transmission in an n-dimensional 
Heisenberg XY-model, a scaling of S n ^ 3 is sufficient. 

To directly determine the optimal scalings of general 
physical media, e.g., solid state systems or optical lat- 
tices, appears rather challenging. A more realistic sce- 
nario would be to estimate these in terms of other ma- 
terial properties. For this it would be important to ap- 
proach more realistic settings and include, e.g., Anderson 
localization, thermal noise, and decoherence. 

In this Letter we have made the tacit assumption that 
a sequence of transmissions can be described as inde- 
pendent and identically distributed (iid) repetitions of a 
single transmission. If the medium in some sense relaxes 
back to its initial state after each transmission, this ap- 
proximation is justifiable, as the scaling does not take 
into account the time it takes to transmit signals, and 
we thus can make sufficient delays between subsequent 
transmissions. However, if one would wish to determine 
the transmission per time unit, rather than per chan- 



nel use, the iid assumption may not be useful, e.g., as 
the number of excitations in the medium potentially in- 
creases for rapidly repeated transmissions. While the 
iid assumption is natural for many information theoretic 
tasks, it appears to be less suitable in various physics con- 
texts (e.g., for entanglement in critical systems [17]). For 
the information transmission problem in particular, and 
the application of information theoretic tools to physics 
in general, it thus appears desirable to use formalisms 
that do not require the iid assumption |18j . 
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